Medicine and pediatrics are changing and health care is moving from being reactive to becoming preventive. Despite rapid developments of new technologies for molecular profiling and systems analysis of diseases, significant hurdles remain. Here, we use the clinical setting of congenital heart block (CHB) to uncover and illustrate key informatics challenges impeding the development of a systems medicine approach emphasizing the prevention and prediction of disease. We find that there is a paucity of useful bioinformatics tools enabling the integrative analysis of different databases of molecular information and clinical sources in a disease context such as CHB, contrasting with the current emphasis on developing bioinformatics tools for the analysis of individual data types. Moreover, informatics solutions for managing data, such as the Integrating Biology and the Bedside (i2b2) or Stanford Translational Research Integrated Database Environment, require serious software engineering support for the maintenance and import of data beyond the capabilities of clinicians working with CHB. Hence, there is an urgent unmet need for user-friendly tools facilitating the integrative analysis and management of omics data and clinical information. Pediatrics represents an untapped potential to execute such a systems medicine program in close collaboration with clinicians and families who are keen to do what is needed for their children to prevent and predict diseases and nurture wellness.
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THE LANDSCAPE OF MEDICINE AND PEDIATRICS IS UNDERGOING REVOLUTIONARY TRANSFORMATIONS: OPPORTUNITIES AND CHALLENGES
Medicine is changing and health care is on the verge of shifting from being reactive to becoming preventive. Drivers in this development include new technologies for molecular profiling and computational tools facilitating a systems analysis of disease. Systems biology approaches to uncover regulatory networks in biological model systems such as Escherichia coli and yeast have made significant contributions to our understanding and appreciation of biological complexity during the past decade. This body of work has produced new exciting network-based methods for how to connect, model, and analyze large-scale molecular data (1) . It has been increasingly realized that these techniques for network analysis and modeling approaches can also be used to understand human diseases (2, 3) . Hence, the application of a systems biology approach in medical research and clinical practice has defined the rise of systems medicine over the past years. A large European FP7 consortium has recently (2012) joined forces in a Coordinating Action Systems Medicine (http://www.casym.eu/) to develop a roadmap (2016) for strategy and implementation of systems medicine. The core concept of a systems medicine approach is to intervene at an early stage to prevent the occurrence and reduce the suffering of the effects of disease, in contrast to chiefly targeting reactive measures only following the occurrence of disease. Such a vision has also been eloquently articulated by Hood and Flores (4) using the concept of "P4" medicine-a personalized, predictive, preventive, and participatory medicine. Personalized medicine has been in focus in the medical sciences since the completion of the draft human genome with the expectation that genomics could provide a basis for individualized treatment. The notion of participation is well in line with the growth and impact of social media in society and health. Hence, a systems medicine approach embraces and includes programs such as P4 medicine and personalized medicine. Potential benefits include not only early detection and prediction of disease but also stratification of patients into subgroups that enable the selection of optimal therapy, early assessment of individual drug responses thereby reducing adverse drug reactions, improvement of clinical trials by reduction of exposure time and failure rate, and development of tools enabling the clinician to shift the emphasis from reaction to prevention and from disease to wellness.
Of note, such a systems approach has recently been utilized in the molecular profiling of Michael Snyder (i.e., the Snyderome). In this approach, referred to as integrative personal omics profiling, transcripts, proteins, and antibodies were monitored over time in conjunction with the analysis of genetic variants and the state of health (5). This pioneering study revealed an unexpected dynamics of the molecular parts over time, such as RNA editing, as well as proving useful for the early detection of diabetes. Yet, despite these and other glimpses of success, there are significant hurdles to realizing systems medicine. In this review, we will first discuss the challenge(s) posed by the need to integrate different kinds of molecular data. However, the difficulty of identifying relevant data for integration in pediatric research projects and clinical practice is augmented by the
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Review fact that the major data production that is publicly available is performed on cellular and animal model systems, or complex diseases targeting middle-aged or elderly people. The second, closely related translational challenge is one major unrecognized area of research: The translational informatics problem of how to access and perform complex search queries using data originating not only from molecular research but in particular clinical information currently residing within health care. We believe this is an untapped opportunity where pediatrics could take a lead.
We will illustrate these challenges and opportunities using congenital heart block (CHB) as a prototypical pediatric example. This is an area where we collaborate with Marie WahrenHerlenius, a world authority on CHB, in addressing the challenges she and her colleagues are facing in her clinical research and practice.
CONGENITAL HEART BLOCK CHB is a rare disease (6) occurring once in every 15,000-20,000 births. The conduction block occurs after damage to the fetal cardiac conduction system in gestational weeks 18-24 of pregnancy. CHB is a life-threatening condition; the mortality is 10-30% and survivors need pacemakers, and longitudinal studies are required (7) . Half of the cases of CHB occur in the context of congenital heart disease, and in this review, we target isolated CHB. The risk for having a child with CHB is increased in women with Ro (Ro52 and/or Ro60) autoantibodies and La autoantibodies (La), where it occurs in 2-5% of all pregnancies (8) . Of note, both Ro and La autoantibodies are common in women with rheumatic diseases such as systemic lupus erythematosus and Sjögren's syndrome. Because the Ro and La autoantibodies are major known risk factors for CHB, these are tested for in the clinic. In summary, there has been good progress, yet several challenges remain to predict and prevent CHB on a personalized level. Clearly, we need further advancements in technologies enabling sensitive measurements of biomarkers and improved methods for delivery of therapy in case of early detection of disease. Because both children and their mothers are involved in the disease, the family has to participate in research and care. To advance the current state of affairs, it is also evident that we need to develop informatics and bioinformatics tools meeting the challenges of molecular data integration and closing the gap between molecular research and healthcare. CHB constitutes an illustrative pediatric example for which we have some useful but fragmented knowledge and several practical issues to resolve, such as information about sample amounts and access in conjunction with research logistics, which are real concerns at the pediatric research floor.
THE CHALLENGE OF MOLECULAR DATA INTEGRATION
The sequencing of the human genome and its subsequent postgenomic acceleration of technological developments have resulted in immense large-scale data production. The technological advances have opened new windows into genomics beyond the DNA sequence (9) . The vast majority of such data originate from the platforms producing a large number of different molecular data types, which is here referred to as "omics data. " Moreover, a given omics data type, such as transcripts, can be measured on several platforms capturing different aspects of the transcriptome. Next-generation sequencing technologies produce omics data (DNA variations, RNA, epigenetic modifications, proteins, and metabolites) at a decreasing cost and increasing resolution as exemplified by the ENCODE project (10) . Such data production at the peta/exabyte level generates enormous challenges with respect to data management, computing, security, and data analysis (11) . The pace of the technology development and data production has relentlessly accelerated during the past decade and it appears that it will continue to do so over the next decade as genomics is poised to enter the clinic and pediatric practice.
However, it is not only the large volumes of DNA sequence data, storage, or computing problems generated from largescale projects that pose new challenges. Since the surprising discovery at the turn of the century of the relatively small number of genes in the human genome, we have witnessed an explosion in the number of different types of data that can be generated today. These include DNA, single-nucleotide polymorphisms, copy-number variations, DNA methylations, protein-coding RNA, noncoding RNA, splice variants, histone modifications, nucleosome positions, transcription factors and their DNA-binding sites, transcription start sites, promoters, protein-protein interactions, protein localization, protein modifications (these are numerous), DNA-binding proteins, and metabolites. There are now varyingly mature "bioinformatics pipelines" at different stages of development available for the analysis of different types of omics: transcriptomics, proteomics, metabolomics, and the novel "seq" approaches: RNA-seq, ChIP-seq, and Methyl-seq (12) (13) (14) . Furthermore, there are several different technological platforms that can measure the same data type. For example, to profile the pattern of DNA methylation, there exist more than five different technologies that capture slightly different aspects of this important "epigenetic" modification or reprogramming of DNA (15) . To summarize, it is still a true bioinformatics challenge to analyze a "single" data type because there are different platforms and bioinformatics pipelines. Second, there is not yet a methodology for how to integrate different data types such as epigenetics, proteomics, and transcriptomics. Third, given that there are more than 1,400 well-curated public databases (16), we are still unsure how to efficiently and accurately integrate public information with data generated from clinical samples. There are, however, several success stories on linking genetic variants, transcripts, and disease phenotypes. Yet there are several challenges remaining on how to perform such a basic operation as pathway analysis (17) .
Furthermore, at the core of a systems medicine analysis is the data integration from omics to the clinic, which requires standardization of data. This includes making data sets sharable in a standard and interoperable format. Standards are part of the infrastructure that is required for collecting, storing, retrieving, integrating, mining, and querying data generated Review Tegnér and Abugessaisa by different researchers, clinicians, laboratories, and platforms. Moreover, the nature and amount of data generated by different omics platforms increases the need for the community to agree on guidelines, rules, and definitions for various terminologies and formats (e.g., genes and their products resulting from genome sequencing platforms). The practical implication of omics standards in translational and clinical setting is that they have the potential to facilitate the utilization of the omics approach in health care. Three types of data-sharing standards are essential:
1. Experiment description standards (how the data were generated, e.g., methods, protocols, and samples); 2. Data exchange standards (file formats, representation, e.g., structured vs. nonstructured); and 3. Terminology standards (genes and gene product names).
In functional genomics, there has been a continual effort to create standards that are agreed upon by the community. We recommend visiting BioStandard (http://biostandards.info/ wiki/Main_Page), which provides consolidated information about the standards in omics and clinical databases.
These are fundamental issues of strong relevance for medicine. Yet, when trying to apply these technologies and bioinformatics pipelines in a real-world pediatric case such as CHB, the task becomes even more challenging. The bulk of public data originate from model systems or stages of disease, which are far from the situation with infants or children during development. Hence, which parts of the public data are relevant to CHB? How can we use such carefully selected public data to elucidate mechanisms of CHB or find predictive biomarkers? Similar to other pediatric diseases, genetic variants (singlenucleotide polymorphisms) have been associated with CHB, but it is yet unclear how to identify CHB-relevant genes from such disease loci because tag single-nucleotide polymorphisms only provides markers of loci and cannot identify individual genes (18) . Because CHB is a rare disease, the study cohorts are as a rule small, and the availability of samples is limited, rendering omics approaches challenging. Furthermore, how can such molecular information be integrated with the finding of increased risk for CHB if the mother carries the Ro and La antibodies? How can we use the information on singlenucleotide polymorphisms and antibodies to explain or prevent heart block? From our viewpoint, there is an imbalance between current bioinformatics research on individual data types vs. required efforts on how to integrate different sources of molecular information, thereby potentially empowering translational studies targeting mechanisms or predictive biomarkers. Finally, stem cell therapy is a putative research area of high relevance for pediatric diseases including CHB (19) . Instead of heart transplantation or insertion of a pacemaker, stem cell therapy may be used to rescue the tissue. However, to manipulate stem cells efficiently, we need deep molecular knowledge of their inner cellular workings, emphasizing the need for integrative bioinformatics to interpolate between distinct omics data types. Yet, analyzing the case of CHB, there are several additional challenges that are not solved by developing an integrative bioinformatics methodology:
• How to find other risk factors in addition to the Ro and La autoantibodies? Lifestyle, clinical history, and molecular parts and their combination may provide important clues.
• Why there are comorbidities with lupus erythematosus?
• Do other comorbidities exist?
• If the mother carries the Ro and La antibodies, she will be offered extra fetal surveillance during pregnancy at a pediatric cardiology unit, which can be stressful. Therefore, interviews and questionnaires to the mothers are used to assess their experiences during pregnancy (20, 21 Hence, longitudinal clinical studies are required, and integration ranging from genetic variants to behavior is urgently needed. These clinical data clearly need to be collected in a systematic manner and integrated with available molecular information. This pediatric scenario emphasizes one of the most glaring gaps in translational research in general, and this is one area where pediatrics can possibly take a lead.
THE GAP BETWEEN MOLECULAR DATA AND INFORMATION IN HEALTH CARE
In parallel with the molecular data explosion, as described above, large amounts of data describing diseases, medications, environmental factors, and lifestyle-related information are generated from clinical practice and health care. Yet clinical data stored in electronic medical records are severely restricted and managed differently than research data, which is as a rule shared and available through public repositories or scientific journals. The data residing within health care, including electronic health records, images, lab data, and primary-care data, represent an underused data source that has much larger potential in translational research than is currently realized. Moreover, here we can identify important informatics research topics such as how to semiautomatically rank the different degrees of quality in such information sources; this is of importance given that it is a well-appreciated problem that the quality of data can be highly variable and that available data within health care are as a rule incomplete. In part, this is due to the lack of appropriate computing infrastructure, which could facilitate better research and clinical utilization of data sources. In particular, there is an urgent need for computing resources to connect molecular and health-care data. Yet there is a cultural dimension in this problem in that clinicians need to see the value of integration of clinical and molecular data. However, reuse of clinical data in the research setting brings data management challenges such as storage, computing, and, specifically, access restriction and control. This is complicated
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Review within a hospital system due to the numerous stakeholders and heterogeneous information technology environment, which appears to be a global rule. Yet clinical and pediatric researchers need to perform queries across different data sources (patient biosamples, genetics, and serology) and clinical data (diagnosis, medications, diseases activities, and lifestyle) from health-care facilities.
Turning to the example of CHB, we can identify the following practical needs originating from existing clinical workflows (Figure 1) . First, families with CHB are identified and contacted for participation and a number of tasks as follows: informed consent, interviews, collection of medical records, collection of information from clinical registers, child health, school health, blood samples, DNA analysis, and serology. All this information needs to be continuously tracked over the years, which also includes revisits. Moreover, because CHB is a rare pediatric disease, clinical practice and research benefit from coordination across local counties and countries, and between countries. Clearly, to provide a secure infrastructure, serving as an enabler of these tasks is an urgent unmet need. The information needs to be deidentified, and various principal investigators and clinicians should have a secure role-based access to data. We can also expect an increased interest from children and their families in having access to limited amounts of data via smart phones and the Internet, as well as in the not too distant future using these devices for recording potentially valuable lifestyle data of benefit for translational research. Such an infrastructure in conjunction with integration with molecular data promises to facilitate research, solving the CHB problems described above, and unlocking mechanisms of CHB, thus propelling us toward a P4 medicine for CHB.
At this juncture, it is relevant to ask what tools are currently available that could support parts of this development and, perhaps as important, to ask what is currently lacking. Moreover, what implications do such a program have for assessing which bioinformatics problems are most pressing to address in relation to pediatric diseases?
Several technology platform solutions are available to manage biomedical data in translational research. However, there is no single solution that could manage the requirements from CHB as described above. Hence, in practice, the choice is between numerous different disconnected tools, which have to be managed more or less manually, and using some of the available solutions (22,23) described below, as backbones and then performing in-house professional software engineering to glue platforms together.
One of the commonly used open-source platforms is the Informatics for Integrating Biology and the Bedside (i2b2) (22) . The i2b2 platform makes use of the International Statistical Classification of Diseases, 10th revision, as a taxonomic standard to classify diseases. The design principle fueling i2b2 is to provide a scalable software platform facilitating repurposing of clinical data in the research setting and to secure the access and management of patient information for research purposes. The predefined use cases that are supported by i2b2 (22) , are, first, to explore patient data in order to find sets of patients that would be of interest for further research and second to make use of the detailed data provided by the electronic Figure 1 . Flowchart diagram illustrating information flow for a CHB patient. At the center is the CHB patient receiving health care from multiple service providers. Data sources for clinical phenotypic data include hospital (birth data and biological samples are deposited in biobank for research), child health center (neurodevelopment), and school health service (growth parameters). Family history for the patient is collected via interviews and questionnaires. In the future, we may include the use of advanced tools, smart phones, and noninvasive technologies for collecting personalized data. CHB, congenital heart block. (23), including the management of biobank data. Using either i2b2 or STRIDE as a backbone simplifies clinical development and pediatric research but requires serious software engineering support for maintenance and communication with other bioinformatics and statistical platforms. However, neither i2b2 nor STRIDE has been designed for integrating with multiple types of next-generation sequence data. Once the clinical data, as in the case of CHB, have been captured in translational informatics platform, the clinical investigator can begin to interrogate the data using complex queries such as how many children with CHB have a mother with a La but not Ro antibodies, have a specific genetic variant, and develop neurological disease or cognitive deficits? Moreover, are there any blood samples left from these specific children over time sufficing to perform global transcriptomics? Such queries across several sources become more feasible provided there exists a proper computational infrastructure. Yet to have such an infrastructure to communicate with electronic medical record within the hospital domain is not trivial for practical, cultural, and legal reasons. Another clinical challenge is the problem of comorbidities. For example, in pediatrics, we would like to explore which comorbidities exist between CHB and other diseases. Here, we face at least three challenges. First, the task is simplified significantly if clinical data from other diseases are organized and accessible from an informatics platform. This is, however, rarely the case. Second, CHB has a single International Statistical Classification of Diseases, 9th revision code, whereas as in the case of CHB and other pediatric diseases, the emerging picture is that of several disease subtypes within a "single disease. " Hence, the resolution provided by existing International Statistical Classification of Diseases versions is in many cases insufficient from a clinical standpoint, and the resulting analysis may therefore include an unknown number of false negatives. Third, we would like to assess molecular correlates underlying such comorbidities, thus access and integration with molecular data across diseases, in controlled or matched cohorts, become a critical, yet unresolved, issue.
Both i2b2 and STRIDE are examples of a data warehouse approach to consolidating and integrating multiple databases into a single database using schema translation. Data warehouses provide high access and response time performance while requiring regular updates of the source databases to keep the global data current. An alternative to having a central repository is to use a federated approach interconnecting different autonomous databases into a virtual composite database. This is a slower but highly popular mode of operation. A link-driven federation is based on a hyperlink protocol, in which the user begins by querying and retrieving a particular object and thereby obtains multiple related and/or relevant sources through uniform resource locators. An example of a link-driven system is LinkDB, a platform collecting link information from molecular biology databases (24) . The relationships between biological entities are implemented as links (uniform resource locators) between objects in different data sources such as the Kyoto Encyclopedia of Genes and Genomes to signify equivalent contents (25) . The federation integration approach acts as a mediator system in which the mediator translates queries from the user to match the query format in the target databases. The mediator system uses query optimization techniques to reduce the complexity of the query and to retrieve relevant and accurate results.
In conclusion, to systematically investigate a pediatric disease such as CHB, we need an infrastructure (data warehouse solution or a federated system) managing clinical data enabling complex queries. To this picture, we need to add connections to omics types of databases, either in-house or public databases, provided there are relevant bioinformatics techniques solving the problems of integrative analysis. This is not only needed in clinical care and research. The pharmaceutical company Johnson & Johnson has, for example, fused i2b2 and GenePattern, a suite of bioinformatics tools from the Broad Institute, in order to monitor clinical trials. However, the resulting system, denoted tranSMART (26), requires professional software engineering support and is not currently suited for distributed data management. Furthermore, electronic medical records or clinical or societal register information are central, as illustrated in the case of CHB. Current practice is largely limited by manual labor in transferring such information to clinical studies, provided all ethical and legal issues are solved. Yet, as demonstrated with the example of comorbidities, there are potentially huge benefits of mining electronic health records in a systematic manner and integrating such information with other clinical and molecular data. Machinelearning techniques can be used to develop decision-support tools for the clinicians, techniques for cohort querying, and clustering/stratification of patients (27) . Recent work, using Alzheimer's disease as a case study, has demonstrated the feasibility of developing a decision-support system that integrates and computes using data from distinct sources (28) . Key to their success was the close interaction among clinicians, software engineers, and bioinformaticians.
Finally, a major concern with using open-source software solutions is the security and authorization challenge. This requires a professional setup of the infrastructure bridging between the hospital and research environments. Authorization is essential to ensure that researchers/clinicians can only retrieve information they have been authorized to access. Study-level permission is among the best solutions. For example, researcher "X" is authorized to access the database created for a particular study. Identified patient data should not be used in a research setting, so the personal identification number must first be deidentified. The personal identification number should be removed, and therefore a new identification
